This study investigated a musculoskeletal model that includes the function of the antagonistic muscles and biarticular muscles and models muscles acting across the hip, knee and ankle joints, simultaneously. Furthermore, this study can be applied to dynamic motions. One vertical jump trials were conducted to validate the proposed model. Electromyograms (EMGs) of tibials anterior, gastrocnemius, soleus, rectus femoris, vastus lateralis, semimembranosus, biceps femoris, short head and gluteus maximus were used to compare with the estimated muscle forces. The results showed that the muscle forces estimated by the proposed method had a stronger correlation with EMGs than those of an optimization method. The correlations of the proposed method and the optimization method were 0.4 and 0.01 of TA, 0.95 and 0.86 of GAS, 0.95 and 0.93 of SOL, 0.94 and 0.01 of RF, 0.93 and 0.97 of VAS, 0.83 and 0.91 of SM, 0.75 and 0.01 of BFSH and 0.95 and 0.92 of GMAX. Thus, the proposed method was considered to successfully estimate the muscle forces during vertical jumping.
Introduction
Estimating muscle forces during motion is important to the fields of sport, ergonomics and bioengineering, and may contribute to improvements in sports techniques, rehabilitation procedures, product designs and work environments. Optimization methods [1] that minimize the sum of the muscle forces across a joint and equal the net moment of force at the joint are usually used to estimate muscle forces. Unfortunately, these methods usually do not consider the functions of antagonistic muscles and biarticular muscles. Antagonistic muscles are the muscles that act in opposition to the prime movers or agonists of a movement. Biarticular muscles are the muscles that work simultaneously on two joints. If musculoskeletal models do not consider these roles of muscles, they are unlikely to accurately portray the magnitudes of the agonistic muscles. This study investigated a musculoskeletal model that includes antagonistic muscle activity and biarticular muscles acting across the hip, knee and ankle joints. Furthermore, this study can be applied to dynamic motions. One vertical jump trial as dynamic motion was conducted to validate the proposed model. Electromyograms (EMGs) of tibialis anterior, gastrocnemius, soleus, rectus femoris, vastus lateralis, semimembranosus, biceps femoris, short head and gluteus maximus were used to compare with the estimated muscle forces. As validation, the results of EMGs were compared with the muscle forces estimated by the optimization method and those of the proposed method.
Nomenclature

A i
cross sectional area of muscle i 
Musculoskeletal model
As there are many muscles in the lower extremity, it is difficult to model all the contributory muscles. So this study used a musculoskeletal model that includes nine representative muscles in sagittal plane as shown in Figure 1 . The following muscles are included: 1-tibialis anterior (TA), 2-gastrocnemius (GAS), 3-soleus (SOL), 4-rectus femoris (RF), 5-vastus lateralis (VAS), 6-semimembranosus (SM), 7-biceps femoris and short head (BFSH), 8-iliopsoas (IL) and 9-gluteus maximus (GMAX). GAS, RF and SM are biarticular muscles and others are monoarticular muscles. 
Optimization method
Crowninshield et al. [1] outlined an optimization method to estimate muscle forces. The formula (1) shown below is assumed to be the equality condition and the formula (2) is assumed to be the inequality condition. Muscle forces are determined by minimizing the objective function, u, in formula (3). Then the net moment acting on a joint j is represented by M j . Moment arm and force of muscle i are represented by r i and F i . Physical cross-sectional area of each muscle is represented by A i . Minimum force and maximum force of muscle i are represented by F imin and F imax . They investigated that n=2 or 3 was effective. The present study used n=2.
Proposed method
Oshima et al. [2] suggested a coordination-control model considering the functions of the antagonistic muscles and biarticular muscles. The model including three pairs of the antagonistic muscles in lower extremity is shown in Figure 2 (a). When the muscle f3 (SM) and the muscle e3 (RF), that work simultaneously on both the hip and knee joints are biarticular muscles, they are considered to act on the distal extremity and defined maximum force of each muscle acting on the distal extremity as me3 . They proposed that the maximum output force distribution on the distal extremity is geometrically a hexagon, the direction of which is determined by the posture of the lower extremity, as shown in Figure 2 (a) and the vector of the output force on the distal extremity is related to the muscle activation pattern as shown in Figure 2 (b). For example, when the vector of the output force shown as a in Figure 2 (a), the muscle forces are defined as 100% of maximum muscle force for muscles f1, e2 and e3 and 0% of maximum muscle force for muscles e1, f2 and f3. So the distribution of each muscle force is determined by the vector of the output force on the distal extremity and the muscle activation pattern. However this model is not enough to apply to dynamic motions in which muscles of the lower extremity work effectively because this model has only been applied to the muscles of the thigh. For this study, this problem was overcome by applying the model as shown in Figure 3 . By including muscles f2 e2, which act on the knee joint, the leg model could be similar to the thigh model. Thus, the muscle forces of the leg could be calculated with the same method as the thigh model. The muscles of the thigh (RF, SM, IL and GMAX) were calculated in the thigh model and those of the leg (TA, GAS, SOL, VAS and BFSH) were calculated in the leg model. 
Vertical jump trial
To compare the two methods, data from a vertical jump were collected. One subject, after informed consent, participated in the study. Each jump trial was recorded at 250 frames per second using the Vicon MX infrared motion capture system with the ground reaction forces measured from a floor-mounted force plate (Kistler) at 1000Hz. Simultaneously, eight electromyograms (EMGs) of tibialis anterior (TA), gastrocnemius (GAS), soleus (SOL), rectus femoris (RF), vastus lateralis (VAS), semimembranosus(SM), biceps femoris and short head (BFSH) and gluteus maximus (GMAX) were recorded at 1000 Hz with bipolar surface electrodes. The net forces and moments of the lower extremity were calculated from the obtained position data of the joints and the ground reaction forces using inverse dynamics [3] . The position data of the joints obtained from the captured images were smoothed using a Butterworth filter (cutoff frequency 6Hz) [4] . The muscle forces were calculated from the net moments with both the optimization method and the proposed method. These results were evaluated by comparing the calculated muscle forces with linear-envelope EMGs.
Results and Discussion
Results
The muscle forces compared among the proposed method, the optimization method and linearenvelope EMGs are shown in Figure 4 . The muscle forces are shown normalized by the maximum muscle force of each muscle. EMGs full-wave rectified and filtered with a low-pass digital filter (cutoff frequency 6 Hz) [5] .
Discussion
Both methods were in agreement that muscles TA and BFSH contributed very little force to the vertical jumping. These results agree with the EMG results which also showed very low activation. In these cases it could be said that both methods were valid.
The results showed that the muscles SM and GMAX that work for the extension of the hip joint had great differences between the optimization method and the proposed method. In the optimization method, the force of muscle SM was too large and that of muscle GMAX was hardly activated. The cause of this is Fig. 4 . Comparison of muscle forces of the proposed method, the optimization method with the linear-envelope EMGs considered that the optimization method used only muscle SM for the extension of the hip joint because the optimization method determined the distribution of muscle forces with the sum of the muscle forces minimized. On the other hand, the proposed method used both muscles for the extension of the hip joint and the patterns of muscle forces were close to the EMGs.
The results also showed that the muscles RF and VAS that work for the extension of the knee joint had differences between the optimization method and the proposed method. In the optimization method the force of muscle RF was not activated and that of muscle VAS was large. The cause of this is also considered that the optimization method used only muscle VAS for the extension of the knee joint. On the other hand, the proposed method used both muscles for the extension of the knee joint and the patterns of muscle forces were close to the EMGs.
The results showed that the muscles GAS and SOL, which work for the extension of the ankle, are strongly correlated between the optimization method and the proposed method. But the results showed that the muscle SOL worked mainly for the extension of the ankle joint in the optimization method because the force of muscle GAS by the optimization method was smaller than that by the proposed method and that of muscle SOL was larger.
Thus, the results of this study showed that the optimization method did not use effectively both monoarticular and biarticular muscles at that joint. On the other hand, the results of this study showed that the pattern of the muscle forces by the proposed method was similar to those of EMGs. Furthermore, the correlations of the proposed method and the optimization method were 0. 4 The results showed that the proposed method had stronger correlations with EMGs than the optimization method though the correlations of some muscles in the optimization method were strong because the correlation does not consider the magnitude. Thus, the proposed method was considered to successfully estimate the muscle forces during vertical jumping.
Conclusion
This study investigated a musculoskeletal model that included biarticular and active antagonistic muscles across the hip, knee and ankle joints. Furthermore, this study can be applied to dynamic motions. Several vertical jump trials as an example dynamic motion were analyzed to compare the muscle forces estimated by the proposed method with those of an optimization method. As validation, linear-envelop EMGs were compared with the muscle forces estimated by the proposed method and those of the optimization method. The results showed that the muscle forces estimated by the proposed method had stronger correlations with the EMGs than those with the optimization method. Thus, the proposed method was considered to more successfully estimate the patterns of activation of the muscles during vertical jumping.
